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Abstract: Overview on top couplings measurements is presented, and the prospects of future mea-
surements are discussed. The coupling of top to the W boson can be examined either by looking at
the decay of the top quark or from single top quark production. With the advent of high statistics
top physics at the LHC and at the high-luminosity LHC, the processes where the bosons (photon, Z
and Higgs) are produced in association with top quarks become accessible. The first evidence on the
coupling of the top quark to these particles will come from the production rate.
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1 Standard Model couplings1
The top quark couples to other Standard Model fields through its gauge and Yukawa interactions. At
LHC energies the top quark is copiously produced both in pair production and in the three single top
processes mediated by the exchange or production of a W -boson. Fig. 1 shows the cross sections for
these processes as a function of the centre of mass energy.
Figure 1. NLO values for the top cross sections vs
√
s calculated using MCFM. The cross sections are evaluated
at factorization and renormalization scale mt = 173.2 GeV using the CTEQ6M parton distributions.
With the advent of high statistics top physics at the LHC, the processes where the bosons, γ, Z
and H are produced in association with top quarks become accessible. The first evidence on the
coupling of the top quark to these particles will come from the production rate. The coupling of top
to the W boson can be examined either by looking at the decay of the top quark or from single top
quark production. Two recent reviews of the experimental situation for top couplings can be found in
ref. [1, 2].
1.1 Top + γ
Experimental results on the production of a photon in association with a top pair have been presented
by both the CDF collaboration[3] and the ATLAS collaboration[4]. Next-to-leading order (NLO)
corrections to the top cross section in association with a photon are given in refs. [5, 6]. When
confronting theory with experimental data it is important to include photon radiation off top quark
decay products, which are found to give a significant contribution to the cross-section [5].
1Author: R. Keith Ellis, Fermilab
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Figure 2. Fraction of top pair (left pane) and t-channel single-top production which is accompanied by a
massive boson. The tt¯+W± process is included for completeness, even though the W does not couple to the
top quark. The ratios are calculated in lowest order perturbation theory.
1.2 Top + Z
The primary source of information on the coupling of the top to the Z-boson will come from the
associated production of the Z with a top quark. A first measurement of vector boson production
in association with top-antitop pairs is given in ref. [7]. A search for this final state has also been
performed by ATLAS [8]. Flavor changing couplings of the top quark to the Z are limited by the
limits on neutral current decay of the top quark [9, 10].
Also of interest is the associated production of a Z-boson in single top production, since it is
sensitive to the couplings of the Z to both the W -boson and the quarks, including the top. Fig. 2
shows the production of tt¯+Z and the production of t+Z and t¯+Z as a fraction of the corresponding
cross section without a vector boson. At
√
s = 14 TeV the tt¯ pair cross section is about 1 nb and the
single top production cross section for t (t¯) is about 150(100) pb.
1.3 Top + H
Indirect evidence of the coupling of the top to the Higgs boson comes from the Higgs boson production
rate in pp collisions at the LHC. The gluon-gluon fusion production of the Higgs boson is predicted to
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Figure 3. Diagrams for the production of the Higgs in association with a single top.
proceed predominantly through a top loop. The decay of the Higgs, H → γγ also proceeds through a
top loop (and a W -boson) loop and will provide complementary information.
Further information will have to await the observation of the direct production process, tt¯ +H .
Fig. 2 shows the production of tt¯ + H and the production of t + H and t¯ + H as a fraction of the
cross section without the corresponding vector boson. Theoretical predictions for tt¯H production at
next-to-leading order can be found in refs. [11–15].
The production of the Higgs in association with a single top is of interest because of the substantial
cancellation between the two diagrams where the Higgs is emitted from the top quark or from the
W -boson exchanged in the t-channel, as shown in Fig. 3. After inclusion of the branching ratios the
cross section is very small, perhaps beyond the limit of observability at the high luminosity LHC. Thus
any non-standard physics that affects the cancellation such as a change of sign of the coupling to the
top will lead to a much larger cross section. For a discussion of this process and references to recent
literature, see refs. [16–20].
1.4 Top + W
Constraints on the couplings of the top to theW come from top decay and from single top production.
Measurements of the W boson helicity in top decay probes the structure of the Wtb vertex. In the
standard model the branching fraction of the top quark to longitudinal W bosons is given by,
Γ(t→ bW0)
Γ(t→ bW ) = F0 =
m2t
m2t + 2M
2
w
(1.1)
where we have neglected the mass of the b quark. The polarization state of the W controls the angular
distribution of the leptons into which it decays. We may define the lepton helicity angle θ∗e , as the
angle of the charged lepton in the rest frame of the W , with respect to the original direction of travel
of the W . The normalized angular distribution of the charged leptons is therefore given by,
1
N
dN(W → eν)
d cos θ∗e
=
[
3
4
sin2 θ∗eF0 +
3
8
(1 − cos θ∗e)2FL +
3
8
(1 + cos θ∗e)
2FR
]
, (1.2)
where F0 +FL +FR = 0. Recent measurements of the W -boson helicity fraction have been presented
by CDF [21], D0 [22], CMS [23] and ATLAS [24] and CDF and D0 combined [25].
Data on single top production also constrains the form of the Wtb vertex [26, 27]. The majority
of the data has so far been used to constrain the normalization and to place a constraint on the CKM
mixing and Vtb [28].
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2 Theory of non-standard couplings2
2.1 General considerations
The effects of new physics at a high scale Λ ≫ v ≡ 246 GeV can be described by an effective
Lagrangian,
Leff =
∑ Ci
Λ2
Oi + · · · , (2.1)
where the Oi are higher dimension operators. The leading contributions enter at dimension six. They
include corrections to tt¯V gauge vertices, four-fermion operators, and couplings involving gluons that
will appear in tt¯ production. The vertex function approach [29–32] can be mapped into the operator
method as we discuss in Section 2.2. The latter has the advantage of generality and can be used
with off-shell particles and in loop calculations. Since the prefactor for our dimension six operators
involving the Higgs is v2/Λ2 or (mt v/Λ
2) instead of E2/Λ2, many of these do not decouple at low
energies. This is an experimental boon as it allows us to probe new physics in the top sector with
low energy experiments, as we describe in Section 2.6. The top couplings often enter the relevant
observables at loop level, and thus effective field theory is the theoretically consistent description.
Ref. [33] reduces an overcomplete basis of operators using equations of motion and gauge invari-
ance. However, only processes affecting the top quark’s interaction with gauge bosons were considered.
Additional modifications of single and doubly produced tops from four-fermion operators are given
in [34]. Its authors mainly consider tt¯ produced in the color octet state as only this will interfere
with the SM. Also given in [34] are higher dimension operators without tops that nonetheless affect tt¯
production. To this we add our own list of operators relevant for tt (distinct from tt¯) processes, which
could also contribute to color singlet tt¯.
2.2 tW couplings
The first four operators can affect the Wtb couplings. To match the traditional formulas in terms of
form factors defined as
Lint ⊃ − g√
2
b¯γµ
(
cWL PL + c
W
R PR
)
tW−µ −
g√
2
b¯
iσµνqν
MW
(
dWL PL + d
W
R PR
)
tW−µ + h.c., (2.2)
where q is the W momentum and cWL equals the CKM matrix element Vtb ≈ 1 and cWR , dWL , dWR vanish
at the tree level in the SM. We have the modifications of these form factors from the four dimension-six
operators [33]:
δcWL = C
(3)∗
φq
v2
Λ2
, δdWL =
√
2CdW
v2
Λ2
, (2.3)
δcWR =
1
2
C
(3)∗
φφ
v2
Λ2
, δdWR =
√
2CuW
v2
Λ2
. (2.4)
In principle, the form factors should be functions of the momentum q. The additional q2 terms in the
form factors will match to higher-dimensional operators (e.g. dimension-8 operators). Since there are
two expansion parameters, v2/Λ2 and q2/Λ2, to use the effective operators, one needs to be cautious
and should not have the momentum in the process to be above Λ as stressed in [30]. Existing collider
studies on probing anomalous Wtb couplings in single top production can be found in [29].
2Authors: Yang Bai, University of Wisconsin and Matthew Baumgart, Carnegie Mellon
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Table 1. Dimension-6 operators for tt¯ production, single t production, t decay, and tt production. The q and
u fields without flavor superscript are third generation, except for the neutral current and tt sections where i
and j run from 1-3. As usual, φ˜ = ǫφ∗.
Charged current single top production and top decay
O(3)φq = i(φ†τIDµφ)(q¯γµτIq) Oφφ = i(φ˜†Dµφ)(u¯γµd)
OuW = (q¯τIσµνu)φ˜W Iµν OdW = (q¯τIσµνd)φW Iµν
Neutral current top production and top decay
O(1)φq = i(φ†Dµφ)(q¯iγµqj) Oφu = i(φ†Dµφ)(u¯iγµuj)
OuB = (q¯iσµνuj)φ˜Bµν
Single top and tt¯ production
OuG = (q¯λaσµνu)φ˜Gaµν O(1,3)qq = (q¯iγµτIqj)(q¯γµτIq)
tt¯ production
O(8,1)qq = (q¯iγµλaqj)(q¯γµλaq) O(8,3)qq = (q¯iγµλaτIqj)(q¯γµλaτIq)
O(8)ut = (u¯iγµλauj)(u¯γµλau) O(8)dt = (d¯iγµλadj)(u¯γµλau)
O(1)quS = (q¯ui)(u¯jq) O(1)qdS = (q¯di)(d¯jq)
O(1)qtS = (q¯u)(u¯q)
Gluon operators that affect tt¯ production
OG = fABCGAνµ GBρν GCµρ OG˜ = fABCG˜Aνµ GBρν GCµρ
OφG = φ†φGAµνGAµν OφG˜ = φ†φ G˜AµνGAµν
OGB = GAνµ G˜Aρν BCµρ
tt production and color singlet tt¯ production
O(1)qqV = (q¯iγµqj)(q¯kγµql) O(3)qq = (q¯iγµτIqj)(q¯kγµτIql)
O(1)quV = (q¯iγµqj)(u¯kγµul) O(1)uuV = (u¯iγµuj)(u¯kγµul)
tt¯h coupling
O3φ = φ†φ φ˜ q¯ u
2.3 t Z, tγ and tg couplings
The tt¯Z couplings are similar to those involving the W . The vertices take the form
Lint ⊃ − g
2 cW
t¯ γµ
(
cZLPL + c
Z
LPR − 2 s2W Qt
)
t Zµ − g
2 cW
t¯
iσµνqν
MZ
(
dZV + id
Z
Aγ5
)
t Zµ , (2.5)
with Qt = 2/3 as the electric charge of the top quark and cW = cos θW . In the SM, the couplings are
cZL = 1, c
Z
R = 0 and d
Z
V,A = 0 at the tree level. The match to the dimension-six operators is given by
δcZL = Re
[
C
(3)
φq − C(1)φq
] v2
Λ2
, δdZV =
√
2Re [cWCuW − sWCuB ] v
2
Λ2
, (2.6)
δcZR = −Re [Cφu]
v2
Λ2
, δdWR =
√
2 Im [cWCuW − sWCuB ] v
2
Λ2
. (2.7)
For the tt¯γ couplings, the vertices are
Lint ⊃ −eQt t¯γµt Aµ − e t¯ iσ
µνqν
mt
(dγV + id
γ
Aγ5) t Aµ . (2.8)
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Here, the couplings dγV and d
γ
A are related to the top quark magnetic and electric dipole moment,
respectively. The match to the dimension-six operators is given by
δdγV =
√
2
e
Re [cW CuB + sW CuW ]
vmt
Λ2
, δdγA =
√
2
e
Im [cW CuB + sW CuW ]
vmt
Λ2
. (2.9)
To measure the tt¯γ couplings, it is important to know the SM next-to-leading order QCD corrections
[5].
For the tt¯g couplings, the vertices are
Lint ⊃ −gs t¯ λ
a
2
γµtGaµ − gs t¯ γa
iσµνqν
mt
(dgV + id
g
Aγ5) tG
a
µ . (2.10)
Here, the couplings dgV and d
g
A are related to the top quark chromo-magnetic and chromo-electric
dipole moment, respectively. The match to the dimension-six operators is given by
δdgV =
√
2
gs
Re [CuG]
vmt
Λ2
, δdgA =
√
2
gs
Im [CuG]
vmt
Λ2
. (2.11)
2.4 tH couplings
The tt¯h vertex is given by
Lint ⊃ −
√
2mt
v
cht h t¯ t− ch5t h t¯ i γ5t . (2.12)
In the SM, cht = 1 and c
h5
t = 0. With the new physics from dimension-six operators, we have
δcht = −
3√
2
ReC3φ
v2
Λ2
, δch5t =
(
ImC
(3)
φq − ImC(1)φq + ImC(1)φu
) vmt
Λ2
. (2.13)
Additional interactions like tt¯hg can be generated by the OuG operator and will affect the tt¯ + h
production cross sections. Collider studies on measuring the top Yukawa coupling at the ILC at√
s = 500 GeV can be found in [35]. Associated production of Higgs and single top at hadron colliders
can be found in [16, 17].
2.5 Top Quark Couplings to Dark Matter
Assuming dark matter is a weak scale particle, we can make a list of effective operators for the top
quark couplings to χ. For a Dirac fermion χ, we have [36]
Lint ⊃ 1
Λ21
χ¯χ t¯t +
1
Λ22
χ¯γ5χ t¯γ
5t +
1
Λ23
χ¯γµχ t¯γµt +
1
Λ24
χ¯γµγ5χ t¯γ
µγ5t + h.c. . (2.14)
The signal could be t¯t +MET. One can also close the top quark loop and discuss mono-jet + MET
at a hadron collider [37] and/or mono-photon+ MET at a linear collider.
2.6 Constraints on non-standard couplings
Several papers have placed constraints on either the coefficients of the operators in Table 1 and/or the
couplings in Sections 2.2-2.4. In general, the limits are placed on couplings that affect tt¯V and Wtb
vertices. In some cases, the limits involve actual data, in others they are hypothetical, invoking either
future LHC data or the ILC. In [38] and [39], the authors follow up on the basis written down in [34].
Along with the helicity fraction in top decays, they use precision electroweak data and results from
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B¯ → Xsγ and B − B¯ mixing to constrain the nine dimension-6 operators that couple 3rd generation
quarks to electroweak bosons, a list that strongly overlaps with Table 1. B-physics observables are
also used to place limits on Wtb couplings in [40]. Refs. [30, 41] discuss possible bounds on Wtb at
the LHC. In [31, 32], future LHC data is simulated along with the ILC for constraining top couplings
to vector bosons. In [42], the operator basis is discussed in the context of the ILC along with the
claim that beam polarization and a CM energy of 1 TeV would allow one to separately probe all the
operators contributing to tt¯Z and tt¯γ couplings. Lastly, by using alternative W helicity variables,
ref. [43] proposes to measure phases in the Wtb couplings that are otherwise difficult to access.
In addition to discussing electroweak couplings, [44] uses Tevatron and LHC data on the overall tt¯
cross section to constrain the top’s chromomagnetic and electric dipole moments (respectively given
by the real and imaginary coefficients of OuG). In addition to collider data, [45] uses neutron and
mercury EDMs along with B decays to place limits on the top’s chromo and regular dipole moments.
Ref. [46] uses top quark spin correlations in a complementary approach to constrain the top’s color
dipole moments. For those operators involving neutral currents, ref. [47] uses CDF and ZEUS data
to place constraints on t → Zq and t → γ q decays. Also, [48] discusses the potential reach of the
LHC to study FCNC top decays. As more LHC data becomes available, one can constrain more of the
operators in Table 1. The overall tt¯ rate will place limits on the “tt¯ production” set, including many
four quark operators that have yet to be significantly bounded. Additionally, tt or 4 top (cf. [49])
events could give additional information on the four fermion subset of Table 1. Lastly, the direct
observation of tt¯h events will allow us to better determine the coefficients of the many operators that
couple tops and Higgses.
3 Top Quark Weak Interaction Measurements3
This section presents a summary of the current studies on the single top-quark production at the LHC
and the Tevatron. There are multiple processes that can lead to the production of a top-quark. The
dominant mechanism for creating top-quarks at hadron colliders is the production of a top-antitop pair
through QCD interactions. The top-quark can also be produced singly by an electroweak Wtb-vertex
with a smaller cross-section than for top-antitop production. The SM single top-quark production
proceeds through three different mechanisms shown in Fig. 4: t-channel exchange of a W -boson,
associated production of a top-quark and a W boson (Wt-channel), and s-channel production and
decay of a virtual W boson. The theoretical cross-section predictions for these processes at different
center-of-mass energies are given in Table 2.
W
+
b
u (d)
t
d (u)
(a)
b W
 
g
b t
(b)
W
+
d
u
b
t
(c)
Figure 4. Feynman diagrams of single top-quark production processes.
3Author: Barbara Alvarez Gonzalez, Michigan State University
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ECM [TeV] t-channel Wt-channel s-channel
1.96 2.10±0.19 pb 0.22±0.08 pb 1.05±0.07 pb
7 64.57+3.32−2.62 pb 15.74
+1.34
−1.36 pb 4.63
+0.29
−0.27 pb
8 87.8±3.4 pb 22.4±1.5 pb 5.6±0.3 pb
Table 2. Approximate next-to-next-to-next-to-leading (NNNLO) and next-to-next-to-leading (NNLO) single
top-quark production cross-sections at different center-of-mass energies [50–53] with mtop=172.5 GeV/c
2. The
Tevatron (1.96 TeV) cross sections are calculated at approximate NNNLO. The LHC (7 and 8 TeV) cross
sections are calculated at approximate NNLO.
There are several motivations to study single top production: single top production gives com-
plementary information on top-quark properties, it allows a direct measurement of the CKM matrix
element Vtb, and is sensitive to many models of new physics. Furthermore, determining the cross-
section also allows to extract the b-quark density.
This section is organized as follows: t-channel and Wt-channel production cross-section measure-
ments including the determination of Vtb are presented, followed by a review of searches in the tb final
states such as s-channel and W ′.
3.1 t-channel single top production
The t-channel single top production is dominant both at the Tevatron and at the LHC. The measure-
ments of the t-channel single top-quark production cross-section with the ATLAS detector are done
using a neural network based discriminant. Selected events in the lepton+jets channel contain one
lepton, missing transverse momentum, and two or three jets, including one which is b-tagged. The
t-channel production cross-section is measured by performing a combined binned maximum likelihood
fit to the neural network output distribution for the observed data resulting in σt=95±18 pb with 5.8
fb−1 at 8 TeV [54] and σt=83±4(stat) +20−19(syst) pb using 1.04 fb−1 at 7 TeV [55], which are in good
agreement with the SM prediction. Major systematic uncertainties considered include jet energy scale
(JES), b-tagging efficiency, and the amount of initial- and final-state radiation. Using the ratio of
the measured to the predicted cross-section and assuming that the top-quark-related CKM matrix ele-
ments obey the relation |Vtb| >> |Vts|, |Vtd|, the coupling strength at theW−t−b vertex is determined
to be |Vtb|=1.04+0.10−0.11 at 8 TeV and |Vtb| = 1.13+0.14−0.13 at 7 TeV. If it is assumed that |Vtb| ≤1, a lower
limit of |Vtb| >0.80 (0.75) at 8 (7) TeV is obtained at 95% CL. With the same selection described above
and the same analysis technique the top-quark and top-antiquark production cross-sections are also
measured using an integrated luminosity of 4.7 fb−1 at 7 TeV. A binned maximum likelihood fit to the
output distribution of neural networks that are split according to the charge of the lepton is performed
resulting in σt(t)=53.2±10.8 pb and σt(t¯)=29.5+7.4−7.5 pb [56]. A cross-section ratio of Rt=1.81+0.23−0.22 is
measured. At the current precision, the measurement is in agreement with the predictions based on
various global PDF sets that range from 1.86 to 2.07.
The CMS strategies for the t-channel single top cross-section analyses at 7 and 8 TeV are different.
The 8 TeV result uses only the leptonic decay channel with a muon in the final state. The pseudora-
pidity distribution of the recoil jet is exploited for the measurement. With an integrated luminosity
of 5.0 fb−1 the cross-section is found to be 80.1±5.7(stat)±11.0(syst)±4.0(lumi) pb [57]. The largest
systematic uncertainties are from statistical uncertainty, JES and t-channel generator uncertainties.
|Vtb| is also measured at the 10% level obtaining a lower bound of |Vtb| > 0.81 at 95% CL. The CMS
results at 7 TeV followed two different and complementary approaches. The first approach exploits the
distributions of the pseudorapidity of the recoil jet and reconstructed top-quark mass. The second ap-
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proach is based on multivariate analysis techniques. In this case, both the muon and the electron decay
channels have been used, corresponding to integrated luminosities of 1.17 and 1.56 fb−1, respectively.
The single top-quark production cross-section in the t-channel is measured to be 67.2±6.1 pb [58]. The
largest systematic uncertainties are from statistical uncertainty, W+jets normalization and generator
uncertainties. A lower limit of |Vtb| > 0.92 is obtained at 95% CL using the SM assumption of |Vtb| <
1.
Following the first observation of single top-quark production in 2009 at the Tevatron [59–61],
both collaborations, CDF and D0, have updated their single top results. D0 presents measurements
of production cross sections of single top-quarks in pp¯ collisions at 1.96 TeV in a data sample corre-
sponding to an integrated luminosity of 5.4 fb−1. Selected events with an isolated electron or muon,
an imbalance in transverse energy, and two, three, or four jets, with one or two of them containing a
b-quark. Three different multivariate analysis techniques to extract the signal are used in this analysis.
The measured inclusive cross section, for t-channel and s-channel together, is σ=3.43+0.73−0.74 pb and it
used to extract the CKM matrix element 0.79< |Vtb| ≤1 at the 95% CL. The largest uncertainties
arise from the JES, JER, corrections to b-tagging efficiencies, and the correction for jet-flavor compo-
sition in W+jets events. The cross sections are also measured separately to be σs=0.68
+0.38
−0.35pb and
σt=2.86
+0.69
−0.63pb [62], assuming, respectively, t-channel and s-channel production rates as predicted by
the SM.
A measurement of single top-quark production in lepton+jets final state using 7.5 fb−1 of data
collected by CDF Run II experiment is also presented. Selected events contain a charged lepton,
electron or muon, missing transverse energy and two or three jets, at least one of them b-tagged.
A Neural Network multivariate method is used to discriminate signal against comparatively large
backgrounds. The measured inclusive cross-section is 3.04+0.57−0.53 pb (stat+syst) [63] and the CKM
matrix element value Vtb=0.96±0.09(stat+syst)±0.05(theory) with a lower limit of |Vtb| > 0.78 at
the 95% CL. The systematic uncertainty source with the biggest contribution is the background
normalization. The s-channel and t-channel cross sections are also extracted separately performing a
two dimensional fit, σs= 1.81
+0.63
−0.58 pb and σt = 1.49
+0.47
−0.42 pb.
3.2 Wt-channel single top production
The Wt-channel is negligible at the Tevatron but it has the second highest cross-section among single
top processes at the LHC. The CMS and ATLAS collaborations have shown evidence for the associated
production of a W boson and a top-quark. The CMS measurement is performed using events with two
leptons and a jet originating from a b-quark. A multivariate analysis based on kinematic properties
is exploited to separate the main background contribution, tt¯, from the signal. The observed signal
has a significance of 4.0σ and corresponds to a cross-section of 16+5−4 pb [64] with 4.9 fb
−1at 7 TeV.
The measurement can be used to determine the absolute value of the CKM matrix element |Vtb| =
1.01+0.16−0.13(exp)
+0.03
−0.04(theo) assuming |Vts| and |Vtd| much smaller than |Vtb|.
The ATLASWt-channel analysis is based on the selection of the dileptonic final states with events
featuring two isolated leptons, electron or muon, with significant transverse missing momentum and at
least one jet. A template fit to a boosted decision tree output distribution is performed to determine
the cross-section. The result is incompatible with the background-only hypothesis at the 3.3σ level.
The corresponding cross-section is determined and found to be σWt=16.8±2.9(stat)±4.9(syst) pb [65]
using 2.05 fb−1 at 7 TeV. The CKM matrix element |Vtb| = 1.03+0.16−0.19 is derived assuming that the
Wt-channel production through |Vts| and |Vtd| is small. The results based on the lepton+jets final
state have been investigated however their contributions will result in a smaller sensitivity.
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3.3 s-channel single top production
Searches in the tb final state are particularly interesting since the SM s-channel production mode
itself has not been observed yet and the search for this process is sensitive to several models of new
physics [66]. A search for s-channel top-quark production has been performed using 0.7 fb−1 of ATLAS
data at a center-of-mass energy of 7 TeV. Selected events contain one lepton, missing transverse energy
and two jets. The final selection requires both jets to be identified as coming from b-quarks. An
observed upper limit at 95% CL on the s-channel single top-quark production cross-section of σs <
26.5 pb [67], which corresponds to about 5 times the signal SM cross-section, is obtained using a
cut-based analysis.
One can also search for new heavy gauge bosons such as theW ′ boson by looking for tb resonances.
The most stringent limits on a right-handed W ′R with SM-like couplings in the decay mode W
′
R → tb
are set by the CMS experiment and excludes a W ′R boson mass below 1.85 TeV at 95% CL [68] using
5 fb−1 of data at 7 TeV. The W ′R → tb decay channel has been also searched for at ATLAS [69] and
at the Tevatron [70, 71].
The precision achieved in the cross-section measurements at 7 and 8 TeV is comparable with
theoretical NLO and NNLO predictions. A combination of the results will provide a more precise
measurements and also stronger constraints on the CKM matrix element |Vtb|. The evolution of the
single top cross sections with energy are shown in Fig. 1.
4 Coupling of the Top quark to charge zero vector bosons4
4.1 Introduction
The top quark was discovered almost twenty years ago. However, couplings of the top quark to the
neutral electroweak (EW) gauge bosons (γ and Z) have not yet been directly measured. Due to the
large mass, the top quark may play a special role in EW symmetry breaking (EWSB), and therefore
new physics connected with EWSB can manifest itself in top precision observables. Possible signals
for new physics are deviations of the tt¯γ, tt¯Z (and also tbW ) couplings from the values predicted by
the Standard Model (SM).
While the associated tt¯W production cross section measurement is an important test of the Stan-
dard Model predictions for this low cross section process, it has little to do with the top quark (see
Fig. 6). The tbW coupling has been constrained via measurements of the single top quark production
cross section (see Section 3) as well as via top quark width measurements, and hence it is not covered
in this Section.
The tt¯γ and tt¯Z couplings can not be constrained via measurements of tt¯ production at hadron
colliders via intermediate virtual γ and Z bosons, since the cross section for pp→ tt¯ is dominated by
processes involving QCD couplings. Unlike at a linear e+e− collider, the LHC’s capability of associated
tt¯γ and tt¯Z production has the advantage that the tt¯γ and tt¯Z couplings are not entangled. The tt¯γ
and tt¯Z couplings may be measured via analysis of direct production of tt¯ pairs in association with a
γ or Z boson, respectively.
4.2 tt¯γ
Radiative tt¯ production, tt¯γ, can be classified into the radiative top quark production and radiative
top quark decay, as shown in Fig. 5. The coupling of the top quark to photons (and therefore the tt¯γ
4Author: Andrey Loginov, Yale University
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production cross section) is sensitive to the electric charge of the top quark. The charge of the top
quark has been measured via its decay products using the track charge method (a weighted sum of the
charges of tracks associated with the b-jet) and the soft lepton method (charge of the muon produced
in the semi-leptonic decay b → µν + X is defined by the b-quark charge) at both the Tevatron and
LHC. The tt¯γ can also yield constraints to excited top quarks (t→ t∗γ) production. In addition, the
tt¯γ signature is an important control sample for tt¯Z and tt¯H, H → γγ analyses.
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Figure 5. Representative Feynman diagrams for the tt¯γ process. Radiative top quark decay diagrams also
include radiation from decay products of the W .
The distinction between the two classes of processes is indispensable for determination of couplings
of the top quark to the photon as discussed below. However, the analyses performed so far by CDF
and ATLAS collaborations didn’t measure the couplings, providing instead measurements of the tt¯γ
cross section, σtt¯γ . In both the CDF and ATLAS tt¯γ analyses the strategy is to perform data-driven
background estimates for jets misidentified as electrons, and for jets and electrons misidentified as
photons. In addition, the tt¯ and Wγ production processes are used as control samples for the tt¯ part
of the event and for the photons, respectively. Z → e+e− with one of the electrons misidentified
as a photon is used to estimate the e → γ fake rate both in ATLAS and CDF. Both ATLAS and
CDF use the Z → e+e− process for real photons template, assuming similarity between electrons and
photons in the electromagnetic calorimeter. CDF also uses Zγ together with Wγ for further photon
identification optimization.
The CDF collaboration published the first experimental evidence for tt¯γ production by measuring
the σtt¯γ and the ratio R = σtt¯γ/σtt¯ with data corresponding to 6.0 fb
−1 of pp¯ collisions at
√
s = 1.96
TeV at the Tevatron. The tt¯γ cross section was measured to be σtt¯γ = 0.18±0.08 pb with a significance
of 3.0 σ [72] for a photon pT > 6 GeV (using a photon pT > 10 GeV in the reconstruction). The ratio
was measured to be R = 0.024± 0.009 in a good agreement with the SM expectation of 0.024± 0.005
for a charge 2/3 top quark. The dominant uncertainty in these measurements arises from the finite
statistics of tt¯γ candidate events. However, the R = σtt¯γ/σtt¯ measurement is more precise than the
σtt¯γ measurement due to the cancellation of the tt¯-related systematic uncertainties.
The ATLAS collaboration has performed the first tt¯γ production [73] cross section measurement
at the LHC in 1.04 fb−1 of data at
√
s = 7 TeV, σtt¯γ = 2.0± 0.5 (stat.)± 0.7 (syst.)± 0.08 (lumi.) pb
for a photon pT threshold of 8 GeV (using a photon pT > 15 GeV in the reconstruction). The
significance of the measurement is 2.7 σ, and the measured cross section is in good agreement with
the SM expectation of 2.1± 0.4 pb for a charge 2/3 top quark. The uncertainty of the measurement
is dominated by the photon identification efficiency, the initial and final state radiation modeling and
the jet energy scale systematics. The analysis is being updated with the full 7 TeV dataset (systematic
uncertainties are also expected to get reduced).
The LO tt¯γ production cross section increases by a factor of 5 from 7 TeV to 14 TeV center-of-mass
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energy for photons with pT > 20 GeV [74, 75]. With the much larger statistics expected after the
upcoming 2013-2014 shutdown, analysis of the top quark–photon couplings is possible.
Furthermore, to isolate events with photon emission from top quarks, the photon radiation from
the W and its decay products, as well as from the b quarks and from the initial-state quarks should
be suppressed, as detailed in Ref. [76]. To suppress photon radiation from the b quarks (leptons) a
large ∆R(γ, b) (∆R(γ, ℓ)) is required. Photon emission from W decay products can be eliminated by
requiring that the invariant mass of the jjγ system m(jjγ) > 90 GeV and the ℓγ 6ET cluster transverse
mass mT (ℓγ, 6ET > 90 GeV. The radiation from the initial state quarks is hard to suppress without
simultaneously reducing the signal cross section. However, as at the LHC tt¯ production by gluon
fusion dominates, it is not an issue (unlike at the Tevatron). In addition, the event is required to be
consistent either with tt¯γ production, or with the tt¯ production with radiative top decay by performing
top quark and top quark + photon mass reconstruction as shown in Ref. [76].
Isolating events with photon emission from top quarks, as well as performing a ratio R = σtt¯γ/σtt¯
measurement to reduce tt¯-related systematic uncertainties is the strategy for future tt¯γ analyses. At
the LHC, with 300 fb−1 several thousand signal events are expected, therefore precise determination of
the tt¯γ couplings is possible [76] using the lepton plus jets channel. In addition, a precise tt¯γ couplings
measurement can be performed using the dilepton channel which should provide a smaller systematic
uncertainty (due to fewer jets in the event) but a slightly larger statistical uncertainty compared to
the lepton plus jets channel. With 3000 fb−1, differential measurements of tt¯γ couplings (for instance,
as a function of photon pT ) as well as differential tt¯γ cross section measurements, can be performed.
4.3 tt¯Z
The associated tt¯Z production is directly sensitive to tt¯Z couplings. Representative Feynman diagrams
for tt¯V (in this Section V = Z, W ) production are shown in Fig. 6.
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Figure 6. Representative Feynman diagrams for the tt¯V process.
The associated production of tt¯ and Z or W bosons has been measured by CMS in 5 fb−1 of pp
collisions at
√
s = 7 TeV [77]. The measurements exploit the fact that SM events with two prompt
same-sign isolated leptons in the final state, as well as trilepton events, are very rare. A data-driven
estimation procedure is employed to estimate the background contribution of jets misidentified as
leptons.
A direct measurement of the tt¯Z cross section σtt¯Z = 0.28
+0.14
−0.11(stat.)
+0.06
−0.03(syst.) pb is obtained in
the trilepton channel, observing 9 events with the expected background of 3.2 ± 0.8 events. The signal
significance is 3.3 standard deviations from the background hypothesis. In the dilepton channel a total
of 16 events is selected in the data, compared to an expected background contribution of 9.2 ± 2.6
events. The presence of a tt¯V (V = W,Z) signal is established with a significance of 3.0 standard
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Figure 7. Measurements of the tt¯Z and tt¯V production cross sections [77], in the same-sign dilepton (left) and
trilepton channel (right), respectively. The measurements are compared to the next-to-leading order Standard
Model calculation (horizontal black lines) and their uncertainty (grey bands). Internal error bars for the
measurements represent the statistical component of the uncertainty.
deviations. The tt¯V process cross section is measured to be σtt¯V = 0.43
+0.17
−0.15(stat.)
+0.09
−0.07(syst.) pb.
Both σtt¯V and σtt¯Z cross section measurements are compatible with the NLO predictions. These
results are shown in Fig. 7 together with the next-to-leading order SM predictions.
The ATLAS collaboration also performed tt¯Z analysis [8], using a much tighter selection to sup-
press backgrounds, that resulted in observing one event in data and setting a limit σtt¯Z < 0.71 pb at
95% CL consistent with the CMS measurement and with theoretical predictions [78].
The uncertainties of the tt¯Z measurements up to date are dominated by statistics. The LO
tt¯Z production cross section increases by a factor of ∼ 1.4 from 7 TeV to 8 TeV center-of-mass
energy [74, 75], so the expected decrease in the statistical uncertainty with the dataset collected in
2012 is a factor of 2.5. Therefore, statistical uncertainties are expected to dominate the σtt¯V and σtt¯Z
measurements performed with 2012 data.
However, the LO tt¯Z production cross section increases by roughly an order of magnitude from 7
TeV to 14 TeV center-of-mass energy [74, 75], therefore precise measurements of the tt¯Z production
cross section can be performed after the 2013-2014 shutdown. According to Ref. [76], with 300 fb−1 of
14 TeV collisions data, the tt¯Z vector (axial vector) coupling can be determined with an uncertainty of
45 – 85% (15 – 20%), whereas the dimension-five dipole form factors can be measured with a precision
of 50 – 55%. For 3000 fb−1 of data expected at the High Luminosity (HL) LHC, the limits are expected
to improve by a factor of 3.
4.4 Linear Collider prospects5
A future e+e− collider [79, 80] operated at center-of-mass energy greater than the top quark pair
production threshold (
√
s > 2mt) offers excellent prospects for a precision top physics programme.
5Author: Marcel Vos, IFIC (UVEG/CSIC)
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One of the key assets of lepton collider is calculability; many observable quantities can be predicted
at the per mil level. The tt¯ production rate can be calculated to excellent precision. For
√
s =
500 GeV QCD corrections have been determined to order α3s [81]. The N
4LO contribution to the rate
is estimated from scale variations to be approximately 3 per mil.
Top quark production at an e+e− collider is less copious than at the LHC. At the LC e+e− →
Z/γ∗ → tt¯ is the dominant top quark production process. All tt¯ final states are readily isolated, with
background levels due to other six-fermion processes below 5%. At
√
s = 500 GeV the (unpolarized)
cross-section is approximately 0.6 pb. At that energy an integrated luminosity of 125pb−1 is envisaged
to be accumulated each year. A four year period thus yields a sample of several 100.000 top quark
pairs, shared equally between two beam polarization configurations (P−⌉ ,P+⌉ = ± 80%,∓ 30%).
The LC potential for the characterization of the tt¯Z and tt¯γ vertices was established using parton-
level studies a long time ago [82]. For compatibility with these studies and the LHC prospects of
Reference [76] we express the sensitivity in terms of the form factors that characterize the current at
the tt¯Z and tt¯γ vertices:
ΓttXµ (k
2, q, q¯) = ie
{
γµ
(
F˜X1V (k
2) + γ5F˜
X
1A(k
2)
)
+
(q − q¯)µ
2mt
(
F˜X2V (k
2) + γ5F˜
X
2A(k
2)
)}
(4.1)
Recently, the LC prospect were revisited [83, 84] with a detailed simulation of the detector re-
sponse, including the impact of γγ → hadrons background. The analysis aims for simultaneous
determination of the photon and Z boson form factors. Three observables - the cross section, the
forward-backward asymmetry and the top quark polarization - are evaluated for two polarization
states of the electron and positron beams. These six independent measurements are used to extract
five CP conserving form factors: F˜ γ,Z1V and F˜
γ,Z
2V and F˜
Z
1A (F
γ
1A is taken to be 0 to preserve gauge
invariance).
After accounting for the selection efficiency the statistics of the sample is sufficient to reduce
the statistical uncertainty of these measurements to the per mil level. Systematic errors due to the
reconstruction of the complex tt¯ events are accounted for. The impact of a number of several other
potential sources - such as the expected error on the beam energy, the luminosity and the beam
polarization - is evaluated and found to be sub-dominant.
The results are compared to the LHC prospects from Reference [85] (assuming an integrated
luminosity of 300 fb−1 at 14 TeV) in Figure 8 and Table 3. The estimated sensitivity of the LC is an
order of magnitude greater for all couplings than that expected at the LHC, and exceeds it by two
orders of magnitude for the vectorial couplings of the Z boson.
The control over the beam polarization proves sufficient to disentangle photon and Z boson form
factors. A simultaneous extraction of F˜1 and F˜2, independent of any assumption on the other form
factor, turns out to be more cumbersome. Therefore, the results in Figure 8 correspond to a simul-
taneous determination of the four F˜1 form factors, while the two F˜2 form factors are kept at their
Standard Model values, and vice versa. The potential to disentangle F˜1 and F˜2 improves at larger
center-of-mass energy. The study of Reference [42] shows that the equivalent effective operators can
be constrained simultaneously if measurements at
√
s = 500 GeV are combined with measurements at
1 TeV.
The potential of the LC to uncover Beyond the Standard Model contributions to the top quark
electric and magnetic dipole moment has not yet been evaluated in full simulation. The estimates at
parton-level from Reference [82] are compared to the LHC prospects in Table 3.
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Figure 8. Sensitivity at 68.3% CL for CP conserving form factors F˜X1V,A and F˜
X
2V defined in Eq. 4.1 at the
LHC and at linear e+e− colliders.
Coupling SM value LHC [85] e+e− [82] e+e− [83, 84]
L = 300 fb−1 L = 300 fb−1 L = 500 fb−1
P,P ′ = −0.8, 0 P,P ′ = ±0.8,∓0.3
∆F˜ γ
1V 0.66
+0.043
−0.041
−
−
+0.002
−0.002
∆F˜Z
1V 0.23
+0.240
−0.620
+0.004
−0.004
+0.002
−0.002
∆F˜Z
1A -0.59
+0.052
−0.060
+0.009
−0.013
+0.006
−0.006
∆F˜ γ
2V 0.015
+0.038
−0.035
+0.004
−0.004
+0.001
−0.001
∆F˜Z
2V 0.018
+0.270
−0.190
+0.004
−0.004
+0.002
−0.002
∆Re F˜ γ
2A -
+0.17
−0.17
+0.007
−0.007
∆Re F˜Z
2A -
+0.35
−0.35
+0.008
−0.008
∆ImF˜ γ
2A -
+0.17
−0.17
+0.008
−0.008
∆ImF˜Z
2A -
+0.035
−0.035
+0.015
−0.015
Table 3. Sensitivity at 68.3% CL for CP conserving form factors F˜X1V,A and F˜
X
2V and the top quark magnetic
and electric dipole form factors F˜ V2A of Eq. 4.1. LHC prospects are compared to two linear e
+e− collider
studies. The assumptions for the integrated luminosity and, for e+e− colliders, the beam polarisation, are
indicated in the table header.
Summarizing: an e+e− collider with
√
s > 2mt offers a powerful precision top physics programme.
The sensitivity for anomalous electroweak couplings of the top quark is boosted by an order of mag-
nitude with respect to the expected LHC potential.
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5 Coupling of the Top quark to the Higgs boson6
With the decades-long search for the Higgs boson complete and a resonance consistent with Standard
Model (SM) Higgs boson production observed [86–88], the era of precision Higgs boson studies now
begins. One particularly important property of the Higgs boson is its coupling to top quarks. By
far the most massive quark, as well as the most massive fundamental particle observed to-date, the
top quark has Yukawa couplings close to unity, making (first observation and then) measurements
of tt¯H particularly important. H → γγ measurements from both ATLAS and CMS [89, 90], which
show larger signal strength than expected in the SM in a channel with non-zero contributions from
loops involving top quarks, make a measurement of the top-Higgs coupling even more important.
Measurements of the tt¯H final state are not trivial, as the tt¯ system itself is already quite com-
plicated. Due to small cross sections for tt¯H production when compared with non-associated Higgs
production (or even when compared with ZH andWH production), analyses so far have only searched
for tt¯H production with subsequent H → bb¯ decay, which gives the largest branching fraction. The
final state is thus tt¯ + bb¯ with a resonance in the bb¯ mass. The main irreducible background is
then tt¯ production in association with extra jets, typically of heavy flavor.
5.1 Searches for tt¯+H
There are four direct searches in the literature for tt¯H production. CMS sets the most stringent
limits, with an observed (expected) upper limit at 95% confidence level (C.L.) of 4.6x (3.8x) the SM
expectation [91] using the full 2011 LHC
√
s = 7 TeV data set (5 fb−1). The analysis uses both the
lepton+jets and dilepton topologies of tt¯ decay. ATLAS also uses the full 2011 data set (4.7 fb−1) and
sets observed (expected) upper limits of 13.1x (10.5x) the SM expectation [92] at 95 % C.L., using only
the single lepton decay channel. CDF has two analyses: the full Run II Tevatron data set (9.45 fb−1)
is used in the single lepton topology, with corresponding observed (expected) upper limits of 20.5x
(12.6x) the SM expectation [93] at 95 % C.L. A second CDF analysis [94] examines 0-lepton events to
captures both all-hadronic tt¯ decays and single lepton decays where the lepton was not reconstructed.
The analysis is unique, but suffers from extremely large backgrounds (from QCD), and in 5.7 fb−1
sets observed (expected) upper limits of 36.2x (26.2x) the SM prediction at a Higgs boson mass of
125 GeV.
The CMS analysis begins with the separation of events into single lepton and dilepton categories.
Tight leptons are required to be above 30 GeV. The definition of Loose leptons has relaxed identifi-
cation, isolation and |η| requirements, and also lowers the pT thresholds to 10 (15-20) GeV for muons
(electrons). Single lepton events are required to contain tight leptons, whereas dilepton events can
contain one loose and one tight lepton. The 3 leading jets are required to be above 40 GeV, and
any additional jets are required to have pT > 30 GeV. Events are further separated based on the
number of jets and tags: 4 jets (3 or ≥ 4 tags), 5 jets (3 or ≥ 4 tags) and 6 or more jets (2, 3 or
≥ 4 tags) in the single lepton category; and 2 jets (2 tags) and ≥ 3 jets (≥ 3 tags) in the dilepton
category. Artificial neural networks (ANN) are trained separately in each category to separate signal
and background. Inputs to the ANNs include shape information (sphericity and aplanarity), b-tag
weights (to separate out tt¯+light flavor from tt¯+production of extra associated heavy flavor), several
Fox-Wolfram moments, event mass, jet pT, ∆R between tagged jets, ∆R between leptons and jets,
and the number of jets. Major systematic uncertainties considered include jet energy scale (JES), scale
uncertainties for tt¯ production (evaluated by changing factorization and renormalization scales up and
6Author: Jahred Adelman, Yale University
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down by factors of two in Madgraph, leading to uncertainties of 0-20%) and b-tag scale factor (SF)
uncertainties. When scales are changed, the variations are treated as uncorrelated between tt¯+light
flavor jets, tt¯bb¯ and tt¯cc¯, and give uncertainties that vary as a function of the number of jets. For
the lepton+jets channel, the b-tag SF uncertainty is the dominant systematic effect. For the dilepton
channel, the factorization scale is the dominant systematic uncertainty.
The ATLAS analysis examines only single lepton events. Electrons (muons) are required to be
above 25 (20) GeV. Jets are required to have pT above 25 GeV. In the electron channel, 6ET > 30 GeV
and the transverse mass (mT) between the lepton and the 6ET is also required to be above 30 GeV. In
the muon channel, 6ET > 20 GeV and 6ET+mT > 60 GeV. Events are categorized based on the number
of jets and number of b-tags. The five control regions are: 4 jets (0, 1 or ≥ 2 tags), 5 jets (2 tags) and 6
or more jets (2 tags). The four signal categories are: 5 jets (3 or ≥ 4 tags) and ≥ 6 jets (3 or ≥ 4 tags).
The final observable in the ≥6-jet signal regions are the invariant mass of the pair of jets (mbb¯) not
selected to come from tt¯ decay. A kinematic fit for the tt¯ hypothesis is used to assign observed jets to
partons. Transfer functions are used to describe detector resolution for jets matched to partons at the
truth level. The scalar sum of the jet pT is used as an observable in the 5-jet signal region and in the
control regions both to gain statistical power and also to help constrain nuisance parameters in-situ
in the fit to data. Major systematic uncertainties considered include jet energy scale (JES), b-tag SF
uncertainties, and scale uncertainties for tt¯ production. Scale uncertainties have two factorization scale
uncertainties (evaluated by varying the default factorization scale Q2 = Σpartons(m
2 + p2) up and
down by factors of two and taking the larger difference from nominal, as well as by using an alternative
default scale Q2 = x1x2s, which dominates). The renormalization scale uncertainty is evaluated by
varying the scale up and down by factors of factors of two. When varying scale uncertainties, the
fraction of tt¯+jets events with heavy flavor is found to vary by ±50%, which is taken as an additional
uncertainty.
The single lepton CDF measurement requires a single electron or muon above 18 GeV and 6ET >
10− 25 GeV, depending on the lepton flavor and |η|. Jets are required to have pT > 20 GeV. Events
are categorized based on the number of jets (4,5,6), with each jet category further split into 5 different
b-tag subcategories using two different tagging algorithms. ANNs are trained in each subcategory
to separate signal and background. The 18 input variables include 6ET, jet pT values, event mass,
∆R between tagged jets, lepton-jet masses, and dijet masses. The 4-jet 2-tag category is used is
used to validate the ANN. Dominant systematic uncertainties are b-tag SFs, JES uncertainties, and
background normalizations. A 10% uncertainty is assumed on the tt¯ + jets normalization, and a 100%
uncertainty is assumed on the tt¯bb¯ normalization.
As mentioned above, large uncertainties appear in these searches from normalization of tt¯ produced
in association with extra heavy flavor jets, the dominant background in the signal-enriched regions.
CMS has made the first measurement of the ratio of production cross sections: σ(tt¯bb¯)/σ(tt¯jj) in a
given visible phase space [95]. The result is larger than predictions from MADGRAPH and POWHEG,
though with large uncertainties. Longer term and with significantly higher luminosities, the top-Higgs
coupling will be better measured in other channels. Two promising examples are the diphoton and
dimuon decay channels, where the presence of the Higgs boson produced in association with tt¯ is seen
via a resonance. ATLAS studied these channels [96] with hypothetical 300 and 3000 fb−1 data sets
containing large pile up at
√
s = 14TeV, and claims the ability to measure ∆(Γt/Γg) to better than
55% (25%) with 300 (3000) fb−1.
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6 Top quark + jets7
A measurement of tt¯ production with additional jets is an important test of perturbative QCD at the
LHC energy scale. The production of tt¯+jets is sensitive to initial and final state radiation as well as to
other details of the tt¯ production modelling. As such, it can serve as verification of theoretical models
and help to tune Monte Carlo generators. Studies of tt¯+jets may reduce systematic uncertainty due
to additional quark/gluon production, which is important for many searches for new physics.
The first tt¯+jets measurement was performed at the Tevatron by the CDF collaboration [97]. At
the LHC, both ATLAS and CMS experiments studied the tt¯+jets production in detail. The studies
performed at the LHC include measurement of tt¯ production with a veto on additional central jet activ-
ity [98, 99]; study of jet multiplicity in tt¯ events [99–101]; the tt¯+jets cross section measurement [102];
and measurement of heavy flavor composition of tt¯ events [103].
At hadron colliders, top quarks are predominantly produced in pairs. In the Standard Model, a
top quark decays almost 100% of the time to aW boson and a b quark. TheW boson can further decay
leptonically (to a lepton and a neutrino) or hadronically (giving rise to a pair of jets). Consequently,
there are three possible tt¯ final states: both W ’s decay leptonically (dilepton channel), one W decays
leptonically and the other one hadronically (lepton+jets channel), or both W ’s decay hadronically
(all-hadronic channel). All analyses described below are looking at top quark pairs produced in either
dilepton or lepton+jets channel.
6.1 tt¯ with central jet veto
ATLAS measured [98] the fraction of tt¯ events produced without additional jet(s) in a certain rapidity
interval8. The measured quantity f (gap fraction) is defined as f(x) = n(x)/N , where N is the total
number of selected tt¯ events, and n(x) is the number of selected tt¯ events with additional jet veto. The
results were obtained for two veto definitions: x = Q0 (no additional jets with transverse momentum
pT above threshold Q0 in a certain rapidity interval), and x = Qsum (the scalar transverse momentum
sum of the additional jets in the rapidity interval is less than Qsum). By measuring the ratio of
production rates, many systematic uncertainties cancel out, which makes the result more sensitive to
Monte Carlo modelling parameters.
The gap fraction distributions as functions of x (with a minimum x value of 25 GeV) were obtained
for four jet rapidity intervals: |y| < 0.8, 0.8 ≤ |y| < 1.5, 1.5 ≤ |y| < 2.1, and for the full rapidity
range, |y| < 2.1. The measurement was performed in the dilepton channel at a center-of-mass energy
of 7 TeV, using 2.05 fb−1 of integrated luminosity. The obtained gap fraction was corrected to the
particle level using a correction factor defined as the ratio of the particle level gap fraction to the
reconstructed gap fraction.
The results were compared to theoretical models implemented in MC@NLO [104, 105] inter-
faced to Herwig [106] and Jimmy [107], Powheg [108, 109] interfaced to either Pythia [110] or
Herwig/Jimmy, Alpgen [111] interfaced to Herwig/Jimmy, and Sherpa [112]. It was found that
while all models describe the data reasonably well within the full |y| < 2.1 veto interval, they tend
to predict too much jet activity in the most forward 1.5 ≤ |y| < 2.1 region. In addition, MC@NLO
underestimates the data in the central region |y| < 0.8.
A similar measurement (rapidity gap as a function of Q0 and Qsum unfolded to the particle
level) was done by CMS [99] in the dilepton channel with 5 fb−1 of 7 TeV data. The rapidity gap
7Author: Sasha Khanov, OK State University
8 Rapidity is defined as y = 0.5 ln[(E+pz)(E−pz)] where E is the energy and pz is the component of the momentum
along the beam direction.
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distributions were determined for the whole jet rapidity range (|y| < 2.4) and compared to predictions
from MadGraph [113] and Powheg interfaced to Pythia, and MC@NLO interfaced to Herwig.
The best description was obtained with MC@NLO, while it was observed that increasing the Q2 scale
in MadGraph improves the agreement between the data and the simulation.
6.2 Jet multiplicity in tt¯ events and tt¯+jet production cross section
The first measurement of the cross section of tt¯ with an additional jet was performed at CDF using
4.1 fb−1 of integrated luminosity [97]. The measurement was performed in the lepton+jets channel,
with a 2D likelihood discriminant formed to simultaneously measure the tt¯+jet and tt¯+(no jet) cross
sections. The result σ(tt¯ + j) = 1.6± 0.2(stat.)± 0.5(syst.) pb was found to be in a good agreement
with next-to-leading order QCD calculations.
The jet multiplicity distribution in tt¯ events was measured by ATLAS in the lepton+jet channel
and by CMS in the lepton+jet and dilepton channels. Both sets of results were obtained at a center-
of-mass energy of 7 TeV, using 4.7 fb−1 (ATLAS) and 5 fb−1 (CMS) of integrated luminosity. ATLAS
measured [100] the jet multiplicity for four values of the jet transverse momentum threshold (25, 40,
60, and 80 GeV). The results were unfolded to the particle level with a response matrix M recopart applied
iteratively using Bayesian unfolding [114]. The resulting jet multiplicity distributions were found to
be consistent with Alpgen interfaced with Pythia and Herwig, as well as Powheg interfaced with
Pythia. As expected, the data disfavours the MC@NLO model, which predicts lower jet multiplicity
and softer jets.
CMS measured [99] jet multiplicity in the dilepton channel for two jet transverse momentum
thresholds (30 and 60 GeV). The results were corrected to the particle level using a regularised un-
folding method [115, 116]. The resulting distributions were compared to Monte Carlo predictions. As
in the ATLAS analysis, it was found that MC@NLO interfaced to Herwig generates lower multiplic-
ities than observed. MadGraph and Powheg interfaced to Pythia describe the data with up to six
additional jets well.
In the lepton+jet analysis [101], CMS measured normalized differential cross section defined as
the measured cross section in each jet multiplicity bin divided by the measured total cross section in
the same phase space. The results were compared to predictions from various Monte Carlo generators
with conclusions similar to those from the dilepton analysis.
ATLAS performed [102] a measurement of the cross section for production of tt¯ with additional
jets (denoted tt¯j) in the lepton+jets channel with 4.7 fb−1 of 7 TeV data. Two definitions of tt¯j events
were considered, both based on particle jets from the Monte Carlo model. In definition 1, events were
declared tt¯j if at least one particle jet could not be matched to a parton from a top quark. In definition
2, all events with at least five particle jets were termed tt¯j. The tt¯j production cross sections were
obtained by matching the Monte Carlo predictions for tt¯j and non-tt¯j events against the data. The
cross section for tt¯ production in association with at least one additional jet according to definition 1
is measured to be σtt¯j = 102 ± 2(stat.)
+23
−25(syst.) pb, and its ratio to the tt¯ inclusive cross section is
σtt¯j/σ
incl
tt¯
= 0.54± 0.01(stat.)+0.05−0.08(syst.).
6.3 tt¯+jets heavy flavor composition
A first measurement of the cross section ratio σ(tt¯bb¯)/σ(tt¯jj) was done by CMS [103] in the dilepton
channel using 5 fb−1 of integrated luminosity collected at a center-of-mass-energy of 7 TeV. The result
was obtained by fitting the b-tagged jet multiplicity distributions and correcting to particle level. The
resulting ratio was found to be σ(tt¯bb¯)/σ(tt¯jj) = 3.6± 1.1(stat.)± 0.9(syst.)% which can be compared
– 20 –
to predictions fromMadGraph (1.2%) and Powheg (1.3%). The result cannot be directly compared
to NLO QCD calculations as the particle-to-parton correction would be required.
Summary
Overview on top couplings measurements is presented, and the prospects of future measurements
are discussed. With the advent of high statistics top physics at the LHC with 300 fb−1 and at the
high-luminosity LHC with 3000 fb−1, the processes where the bosons (photon, Z and Higgs) are
produced in association with top quarks become accessible. The first evidence on the coupling of the
top quark to these particles will come from the production rate, followed by precision measurements.
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